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A1WTRACT 


Thin  report  nuimnarir.cs  it  program  designed  to  develop  n  process 
for  producing  In  rge  component*  for  rocket/ ramjet  combustion  chambers  by 
cold  wheal'  spinning  forged  1,-tlOft  preforms.  Plume  I  of  the  program  involved 
work  performed  on  six  experimental  heat*  of  l.-tPft  directed  toward  optimization 
of  melting  preceao,  composition  tolerances,  fabrioabtlity.  response  to  thermal 
treatment*,  and  mechanical  properties.  This  work  resulted  in  an  improved 
specification  for  L  -608  forgings  of  shear  spinning  quality.  Hunt'  U  of  tike 
program  involved  process  development  for  production  of  SCP/LAoKM  combus¬ 
tion  clumber  center  sections  which  resulted  in  a  L.-805  sheer  spinning  process 
specification.  In  addition,  an  attempt  was  made  to  shear  spin  u  ooutrlfugally 
cast  preform . 

Thla  abstract  la  subject  to  special  export,  controls  and  ea<-h  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Manufacturing  Technology  Division,  Air  Force  Materials  Laboratory, 
Wrlght-Patterson  AFB,  Ohio,  -r*433. 
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FOREWORD 


This  Final  Technical  Report  rovfflrs  n L 1  work  performed  under  Contract 
F3  Vil^-67-C-ll*>lj  from  1  October  1966  t.o  11  December  1967.  The  manuscript 
was  released  by  the  author  In  December  196?  for  publication  an  an  AFML 
Technical  Report, 


This  contract,  with  the  Marquardt  Corporation  was  initiated  under  AFML 
Project.  073-7.  "Manufacturing  Methods  for  Producing  L-606  Har-i  iro".  It 
was  accomplished  under  the  technical  direction  of  Mr.  Tohn  0,  onyder  of  the 
v.  FabriwUliv..  ("ATT),  cdV  t.uring  Techno! op'’' 

Division,  Air  Force  Materials  laboratory,  Wright- Patter a on  Air  Force  Baue,  Ohio. 


The  program  was  divided  into  two  phases: 

Phase  I  -  Preform  Variables  Control 


Phase  II  -  Manufacturing  Phocess  Development 

The  data  generated  in  each  of  these  phases  is  presented  in  separate 
parts,  but  the  Summary  (Section  II)  and  Conclusions  (Section  V)  cover  the 
entire  program. 

The  program  was  directed  at  Marquardt  by  Messis.  R.A.  Harlow,  F.K.  Lamps on 
and  J.E.  Widell.  The  following  personnel  were  major  contributors  to  the  experi¬ 
mental  effort: 

R.D.  Lloyd,  J.A.  Astorian  and  E.E.  Ritchie  -  metrllurgical  analysis  and 
evaluation;  H.  Gilmore  -  shear  spinning;  A.S.  Rabensteine  -  project 
technician;  C.  A.  Drury  -  mechanical  testing;  H.  Binder,  metallography, 
and  J.  C.  Reeves,  budget  control. 

Tills  project  has  been  accomplished  as  a  part  of  the  Air  Force  Manufac¬ 
turing  Methods  Program,  the  primary  objective  of  which  is  to  develop,  on  a 
timely  basis,  manufacturing  processes,  techniques  and  equipment  for  use  in 
economical  production  of  USAF  materials  and  component.  . 

This  technical  report  has  bean  reviewed  and  is  approved. 
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INTRODUCTION 

L-605,  .1  cobalt  base  suporulloy,  has  been  widely  used  in  industry  for 
some  time,  and  in  recent  years  its  high  strength  and  oxidation  resistance  have 
made  it  attractive  for  numerous  aroepace  applications  such  as  combustion 
chambers  and  tail  pipes.  At  Marquardt,  1,-605  has  been  used  very  suooeBsfully 
in  the  cold  worked  condition  for  SCP/LASRM  combustion  chamber  components. 
These  components  were  designed  to  utilize  tne  high  strength  to  weight  ratios  that 
can  be  induced  in  this  material  by  cold  shear  spinning.  However,  attempts  to 
produce  these  parts  by  cold  shear  spinning  forged  preforms  met  with  considerable 
difficulty  due  ic  gross  cracking  either  during  shear  spinning  or  during  a  final 
expanding  operation.  Initially  three  parts  were  spun  with  no  difficulty  but  sub¬ 
sequently,  only  5  out.  of  20  attempts  were  successful.  Attempts  to  resolve  this 
problem  by  the  material  supplier,  Marquardt,  and  AFMI.  personnel  were  unsuc¬ 
cessful,  which  resulted  in  deferring  this  technique  until  additional  technology 
could  be  established. 

In  October  1966,  Marquardt,  under  contract  to  the  Air  Force,  initiated 
a  two  phase  program  to  extend  state-of-the-art  processing  parameters  for  L-605 
particularly  as  related  to  cold  shear  spinning.  Phase  I  consisted  of  an  investiga¬ 
tion  to  optimize  alloy  composition,  melting  process,  hot  and  cold  working  para¬ 
meters,  and  thermal  treatments  for  purposes  of  generating  improved  materials 
and  process  specifications.  Phase  II  involved  production  and  evaluation  of  SCP/ 
LASRM  combustion  chamber  center  jections  by  cold  shear  spinning  forged  pre¬ 
forms  according  to  the  information  developed  in  Phase  I. 
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HKCTION  II 


NUMMARY 


The  objective*  of  the  piogt«in  wore 

•  Kvalunle  cffcctit  of  melting  pita'ca*,  com|>onltlon  tolerance*,  hot 
and  cold  working  |XJiMinetorn,  mul  thermal  treatment*  on  the 
fubrlcuhility  /mil  meclmnicut  propt'i'floa  of  1,-OOft. 

•  Develop  a  munufiu'turlng  prnecHN  for  producing  oold  shear  spun 
l.t’05  hardware  it  ltd  generate  related  material  and  proottsa 

SIH'OificuUi  ,ut. 

In  view  of  tho  unexplained  difficulties  encountered  in  cold  sheer  spinning 
15  out  of  20  SCP/LASRM  combustion  chamber  center  sections  from  forged  pre¬ 
forms,  the  initial  objective  of  the  program  was  directed  toward  developing  a 
better  understanding  of  the  metallurgy  of  L-605,  This  was  considered  necessary 
in  order  to  optimize  the  quality  of  the  forced  preform,  and  to  reoommend  improved 
processing  parameters  for  forging  and  shear  spinning.  The  second  objective  in¬ 
volved  development  and  demonstration  of  an  acceptable  process  for  producing  the 
SCP/LASRM  components,  and  to  generate  specifications  useful  as  a  guide  for 
producing  these  and  similar  parts  from  L-605  forgings. 


To  accomplish  the  initial  objective,  five  special  heats  of  varying  iron, 
silicon,  and  manganese  contents,  (described  in  Table  I)  were  supplied  by  the 
Ptellite  Division  of  Union  Carbide  in  the  form  of  3/4  in.  x  1  .1/4  in.  forged  bar. 
These  heats  were  vacuum  induction  plus  vacuum  arc  remeited.  A  sixth  heat  was 
supplied  in  the  form  of  1  in.  x  1  1/4  in.  bar  from  an  air  melted  plus  vacuum  arc 
remeited  production  heat.  Hot  working,  cold  working,  aging,  and  x-ray  diffrac¬ 
tion  studies  were  performed  on  these  heats  of  material  in  efforts  to  generate  data 
applicable  to  an  improved  specification  for  L-605  forgings  and  forging  stock  of 
shear  spinning  quality. 
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•  Hot  Working  Studios 

HniMtiK’k  from  o»eh  bout  wa  hot  forged  into  pancakca  lining  25% 
und  50%  multiple  reductions  at  temperatures  of  1700,  1850,  2000, 
unit  2 1 50“ K.  The  internal ruoturo,  hardness,  and  room  temperature 
trnullo  properties  of  the  pancake  samples  were  evaluated  and  com¬ 
pared.  All  heats  appeared  oqulvslen,  with  respeot  to  hot  workability 
except  the  high  silicon  (-0.  9  w/o  Si)  heat  and  the  air  melted  plus 
vacuum  urc  remelted  heat,  which  canned  some  difficulty  at  the 
lower  temperatures,  1700  and  111 50* F.  The  optimum  forging 
temperature  to  minimize  grain  boundary  carbides  and  control 
grain  growth  appeared  to  be  about  2150*F. 

s  Cold  Working  Studies 

Cold  working  studies  were  performed  by  cold  rolling  specimens  from 
each  heat  using  25  and  40%  multiple  reductions  with  interstage  anneal¬ 
ing  treatments  of  one  hour  at  2000,  2150,  and  2250* F.  The  high  silicon 
heat  was  significantly  the  most  difficult  to  fabricate.  An  evaluation  of 
microstructure,  hardness,  and  room  temperature  tensile  properties 
was  performed  on  material  from  each  processing  variable.  It  was 
shown  that  an  annealing  temperature  in  the  2150-2200*F  range  followed 
by  a  water  quench,  appeared  optimum  for  simultaneously  minimizing 
hardness,  grain  growth,  and  grain  boundary  precipitates. 

•  Aging  Studies 

Samples  from  each  heat  were  aged  after  single  and  multiple  cold 
reductions  of  25  and  40%.  Aging  treatments  of  700,  1200,  1350, 

1650,  and  1800°F  for  periods  of  1,  10,  and  100  hours  were  per¬ 
formed.  Tensile  and  hardness  tests  were  run  on  material  from 
each  variable,  and  notched  tensile  tests  were  performed  on  selected 
samples.  An  aging  treatment  of  700*F  for  10  hours  appeared  optimum 
for  a  maximum  strength  increase  at  a  minimum  sacrifice  in  ductility 
or  notch  sensitivity. 
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•  X-Ray  Diffraction  Studied 

Precipitation  of  a  Laves  phase  and  complex  carbides  (M  e  .and 

C) 

M^.C)  during  aging  have  boon  shown  to  bo  a  contributing  factor  In  the 
loss  of  ductility  In  L-605.  Selected  samples  representing  various 
hot  and  cold  working  conditions  with  subsequent  annealing  and  aging 
treatments  were  evaluated  by  electrochemical  extraction  of  the  pre¬ 
cipitates  and  identification  by  x-ray  diffraction  techniques.  Results 
of  the  hot  working  and  annealing  studies  indicate  that  215o°F  is  suf¬ 
ficient  to  maintain  the  embrittling  precipitates  in  solution.  The 
aging  treatment  of  10  hours  at  700°  F  recommended  for  the  shear 
spun  cylinders  showed  a  randomly  dispersed  Laves  phase  which 
could  not  be  detected  using  standard  metallography  techniques. 

The  second  objective  of  the  program  was  accomplished  by  fabrication  of 
L-605  components  by  cold  shear  spinning  forged  preforms,  utilizing  the  technol¬ 
ogy  generated  from  the  work  involving  the  six  experimental  heats. 

Initially  five  small  test  cylinders  were  cold  shear  spun  from  a  cup  shaped  die 
forged  preform,  utilizing  a  single  50%  reduction.  Evaluation  of  these  cylinders  was 
performed  utilizing  dye  penetrant  inspection,  hardness  testing,  and  tensile  tests. 

The  results  were  used  primarily  to  verify  the  shear  spinning  quality  of  the  forged 
preform.  Upon  successful  completion  of  this  effort,  five  large  cup  shaped  die  forg¬ 
ings  (SCP/LASRM  chamber  preforms)  were  procured  from  the  same  heat  of  material 
and  to  the  same  specification.  The  preforms  were  successfully  shear  spun  to  ap¬ 
proximately  15  in.  diameter  x  32  in.  long  x  0. 125  in.  wall  cylinders,  using  a  four 
step  shear  spinning  process.  The  quality  of  the  parts  was  verified  by  dye  pene¬ 
trant  and  ultrasonic  inspection,  hydrostatic  pressure  proof  tests,  and  tensile  tests. 

The  results  of  the  experimental  heat  investigation  and  shear  spinning  pro¬ 
cess  development  were  summarized  in  useable  form  within  two  specifications 
included  In  this  report: 

(1)  Cobalt  Alloy  (L-605)  Forging  Stock  and  Forgings  of  Shear 
Spinning  Quality. 

(2)  Shear  Spinning  of  Cobalt  Base  Alloy  (L-605). 
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SECTION  in 

PHASE  1  -  PREFORM  VARIABLES  CONTROL 

In  view  of  the  past  difficulties  encountered  in  shear  spinning  and  expanding 

the  SCP/LASRM  combustion  chamber  center  sections  (as  explained  in  Section  I), 

it  was  believed  necessary  to  develop  an  improved  forged  preform  of  consistent 

shear  spinning  quality  as  the  initial  step  in  solving  the  problem.  A  failure  analysis 

performed  by  the  Materials  Application  Division  of  the  Air  Force  Materials  Labor- 

atory  on  cracked  cases  resulted  in  data  regarding  the  nature  of  the  failure,  which 

(1) 

was  attributed  to  an  overload  condition.  However,  this  information  did  not  explain 
why  some  parts  failed  and  some  were  produced  without  difficulty.  The  15  failures 
out  of  20  attempts  could  not  be  correlated  with  a  specific  heat  of  material  or  proces  - 
sing  variable  by  Marquardt  or  others  involved  in  the  problem. 

In  order  to  develop  a  specification  for  a  forged  preform  of  shear  spinning 
quality,  the  melting  process  was  considered  to  be  of  importance,  i.  e. ,  air  melt 
plus  vacuum  arc  remelt  vs.  vacuum  induction  plus  vacuum  arc  remelt  These  two 
processes  are  presently  used  for  producing  L-605  commercially,  and  whether  any 
significant  differences  with  respect  to  cold  shear  spinning  characteristics  existed 
was  unknown.  The  effects  of  the  composition  tolerances  on  fabricability  and  re¬ 
sponse  to  thermal  treatments  were  also  considered  important  in  optimization  of 

(2) 

preforms.  Wlodek's  work  indicated  that  heats  of  commercial  L-605  that  are 
high  in  iron  (2-3%)  and  low  in  silicon  (0. 5%  or  less)  and  carbon  (less  than  0.1%) 
appear  to  be  less  susceptable  to  an  embrittling  effect  (precipitation  of  a  Laves 
phase  after  prolonged  exposure  to  elevated  temperature).  The  effect  of  silicon 
content  was  substantiated  by  Sandrock  '  #  &.nd  Nejedlik'  ,  but  Jittle  apparent 
effect  of  iron  was  noted.  Although  these  investigators  whom*  concerned  with  aging 
treatments  for  extended  periods  of  time,  it  was  believed  that  composition  could 
also  affect  shear  spinning  characteristics,  particularly  after  multiple  passes  and 
interstage  annealing  treatments. 


iw in 


The  effect  of  processing  variables,  i.  e.  ,  annealing  parameters,  hot  working 
variables,  etc,  were  also  considered  worthy  of  investigation  for  control  and  repro¬ 
ducibility  of  forged  preform  quality.  The  AMS  specification  (No.  5759D)  for  L-605 
forgings  defines  a  solution  heat  treatment  of  2250“ F  followed  by  a  water  quench  or 
rapid  air  cool.  However,  subsequent  work  performed  at  Marquardt  on  other  pro¬ 
grams  showed  that  a  preform  grain  size  of  ASTM  3  or  finer  was  desirable  for  cold 
shear  spinning,  and  that  a  2250“ F  anneal  after  forging  caused  extreme  grain  growth. 

It  was  found  that  ~2150°F  annealing  temperature  sufficiently  lowered  the  as  forged 
hardness  without  causing  excessive  grain  growth.  Schultz  '  '  showed  that  a  2150“  F 
anneal  (l)  prevented  excessive  grain  growth,  (2)  stabilized  microconstituents,  and  (3) 
reduced  structural  inhomogeneity.  Because  of  these  inconsistencies  in  data  com¬ 
pared  to  the  AMS  specification,  it  was  considered  necessary  to  optimize  post  forg¬ 
ing  annealing  and  interstage  annealing  treatments  for  the  shear  spinning  operations. 
Additional  unknowns  existed  regarding  effects  of  hot  forging  variables  on  subsequent 
cold  fabricabiiity.  Also,  since  a  target  of  175  KSI  yield  strength  existed  for  SCP/ 
LASRM,  data  regarding  possible  recommendation  of  an  optimum  post  shear  spin¬ 
ning  aging  treatment  were  desirable. 

Based  on  the  unknowns  outlined  above,  the  following  program  was  conducted 
as  Phase  I  of  the  contract. 

1.  MATERIALS  INVESTIGATED 

In  ord.er  to  further  invest  5gate  the  effects  of  melting  process  and  composition 
variables,  the  six  heats  described  in  Table  I  were  procured.  The  compositions  were 
selected  to  be  within  the  AMS  5759D  tolerances,  but  to  vary  elements  that  had  been 
shown  to  have  significant  effects  on  properties  as  discussed  above.  Heats  1  and  2 
varied  iron  from  ~1%  to  ~3%  holding  silicon  low  (  25%).  Heat  No,  3  held  silicon 

at  the  maximum,  leaving  iron  at  relatively  low,  —  1%.  Heat,  Nos.  4  and  6  were 
Identical  except  for  melting  process,  both  being  very  low  in  silicon  and  high  in  iron. 
Heat  No.  5  was  identical  with  No.  2  except  for  a  higher  manganese  content.  The 
manganese  was  varied  primarily  because  of  its  effect  on  increasing  fabricabiiity 
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as  verified  verbally  by  Stellite  personnel  and  because  of  its  known  beneficial 
effects  in  steels.  The  carbon  was  held  constant  at  0. 10  max.  for  all  heats,  and 
the  phosphorous  and  sulphur  were  held  at  0. 01%  max.  and  0. 015%  max.  respec- 
ti/eiy  as  compared  to  0.  040  and  0. 030%  allowed  in  AMS-5759D.  The  major  con¬ 
stituents,  chromium,  nickel,  and  tungsten  were  held  constant  at  the  middle  of 
the  allowable  range  in  efforts  to  avoid  masking  effects  of  the  minor  elements. 

Rectangular  bars  from  five  special  heats  and  one  commercial  heat  of  L-605 
(described  in  Table  I)  were  supplied  by  the  Stellite  Division  of  Union  Carbide 
Corporation,  Kokomo,  Indiana.  Heats  1  through  5  were  vacuum  induction  melted 
(at  <5m)  into  6  in.  diameter  ingcte  at  SielliUt,  then  shipped  io  aieir  subcontractor. 
Viking  Forge  &  Steel  Company,  Albany,  Calif. ,  for  vacuum  arc  remelting 
(at  20 -30/<)  to  8  in.  diameter  ingots,  hot  rolling  and  forging  to  rectangular  bar, 
and  annealing  (2150* F  for  1  hour,  water  quench).  Due  to  a  lower  than  anticipated 
yield  on  vacuum  arc  remelting  and  ingot  conditioning,  it  was  necessary  for  Viking 
to  forge  the  bar  stock  to  a  smaller  than  requested  cross  section  (3/4  in.  x  1  1/4 
in.  vs.  1  in.  x  1  1/4  in. )  in  order  to  meet  the  overall  length  requirement  neces  - 
sary  to  conduct  the  Phase  I  fabrication  studies.  The  sixth  heat  (air  melt  plus 
vacuum  arc  remelt)  was  supplied  as  commercial  material  in  the  form  of  1  in.  x 
1  1/4  in.  rectangular  bar.  The  microstructures  of  the  as -received  material  are 
shown  in  Figure  1.  It  v  as  noted  that  the  grain  size  of  Heat  No.  3  (high  silicon) 
was  significantly  finer  than  the  heats  (1,  2,  4,  5)  which  were  processed  identically. 
The  microcleanliness  data,  grain  size,  Rockwell  hardness,  and  tensile  data  are 
shown  in  Table  n.  The  microcleanliness  data  on  double  vacuum  melted  heats 
were  comparable;  the  air  melt  +  vacuum  arc  remelted  Heat  No.  6  revealed  only 
a  slightly  higher  rating.  The  hardness  of  all  heats  were  comparable  with  the 
exception  of  Heat  No.  3  which  contained  high  silicon  (and  revealed  the  smallest 
grain  size).  This  heat  also  showed  higher  strength  and  lower  elongation. 
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FIGURE  1.  MICROSTRUCTURE  OF  AS-RECEIVED  L-605  BAR  STOCK 


FIGURE  I.  MICROSTRUCTURE  OF  AS-RECEIVED  L-605  BAR  STOCK. 


2.  HOT  WORKING  STUDIES 

In  order  to  establish  differences  between  the  six  heats  with  respect  to  hot 
working  characteristics  and  to  generate  information  regarding  optimum  forging 
temperatures,  hot  working  studies  were  conducted  on  bar  stock  specimens  from 
each  of  the  six  heats.  Pancakes  were  forged  from  the  bar  (reducing  the  1  1/4  in. 
dimension)  using  25  and  50%  multiple  reductions  at  1700,  1850,  2000,  and  2150*F 
at  Arcturus  Manufacturing  Co. ,  Oxnard,  California,  as  shown  in  the  flow  chart, 
Figure  2.  Samples  receiving  multiple  reductions  at  the  same  temperatures  were 
returned  to  the  furnace  and  reheated  to  temperature  (measured  optically)  then 
reforged.  Samples  to  be  reforged  at  lower  temperatures  were  water  quenched, 
then  reheated  to  the  appropriate  temperature.  All  samples  were  water  quenched 
immediately  after  the  final  reduction.  All  heats  appeared  equivalent  with  respect 
to  hot  forgeability  with  the  exception  of  heat  numbers  3  and  6  which  caused  some 
difficulty  at  the  lower  temperatures,  1700  and  1850°F.  Photographs  of  typical 
forged  pancakes  are  shown  in  Figure  3.  Figure  4  shows  typical  forging  failures 
experienced  on  the  high  s  licon  heat  (No.  3)  at  1700  and  1850°  F.  The  air  melt 
heat  (No.  6)  required  several  reheats  at  these  temperatures  in  order  to  accomplish 
the  reductions  without  cracking.  The  fact  that  this  barstock  was  slightly  larger 
in  cross  section  than  that  from  the  other  heats  (lin.  x  1  1/4  in.  vs  3/4  in. 
x  1  1/4  in. )  may  have  had  some  effect. 

Typical  photomicrographs  of  samples  receiving  multiple  reductions  at 
2150,  2000,  1850,  and  1700*F  are  shown  in  Figure  5.  This  type  of  data  was 
considered  important  because  the  large  SCP/LASRM  die  forging  cools  at  variable 
rates  during  forging  such  that  portions  of  the  nart  are  worked  at  much  lower 
temperatures  than  others.  The  typically  hot  worked  structures  showed  grain 
refinement  at  the  lower  forging  temperatures  as  expected.  Since  grain  size 
control  is  considered  essential  for  subsequent  sbear  spinning  the  lower  working 
temperatures  appear  attractive;  however,  the  lower  temp*  rat  ires  resulted  in  very 
heavy  grain  boundary  precipitates  (Figure  6)  which  would  be  detrimental  to  a  sub  - 
sequent  shear  spinning  operation.  Although  the  precipitates  can  be  taken  into 
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FIGURE  2.  HOT  WORKINC  STUDIES 


FIGURE  3.  EXAMPLES  OF  FORGED  REDUCTIONS  OF  L-6C5  BAR  STOCK 


FICURE  4.  EXAMPLES  OF  L-605  BARS  WHICH  CRACKED  DURING  FBK-ING. 


FIGURE  5.  EFFECT  OF  HOT  WORKING  ON  MICROSTRUCTURE  OF  L-605. 


solution  by  proper  thermal  treatments,  it  would  be  desirable  to  minimize  this  con¬ 
dition  during  forging,  thus  precluding  the  need  for  an  unnecessarily  high  temperature 
solution  heat  treatment  which  could  cause  excessive  grain  growth.  Based  on 
microstructure,  the  optimum  final  forging  temperature  appears  to  be  near  2150°F. 

To  investigate  effects  of  composition,  melting  process,  and  hot  working 
parameters  on  mechanical  properties,  particularly  ductility  and  hardness, 
round  tensile  specimens  (0. 190  diameter  x  1  in.  guage  length)  were  machined 
from  each  sample  and  tested  at  room  temperature  using  a  strain  rate  of  0. 005 
in/in/min.  to  yield  and  0.  05  in/in/min.  to  ultimate.  The  data  are  summarized 
in  Tables  in  and  IV.  Table  IV  also  includes  hardness  readings  which  were 
taken  in  triplicate  and  averaged.  The  data  showed  an  expected  general  increase 
in  strength  and  hardness  with  a  corresponding  decrease  in  ductility  as  the  forg¬ 
ing  temperature  was  lowered  in  all  heats.  The  data  were  comparable  for  all 
heats  with  the  exception  of  No.  3  (the  high  silicon  heat)  which  was  generally 
of  higher  strength  and  lower  ductility.  The  tensile  data  are  also  of  value  for 
producing  other  L-605  forged  parts  to  be  used  in  the  as  forged  condition  where 
higher  than  annealed  properties  are  required,  eg. ,  the  SCP/LASRM  combustion 
chamber  dome  (a  hemispherical  shaped  forging). 

a.  COLD  WORKING  STUDIES 

To  investigate  effects  of  composition,  melting  process,  and  annealing 
treatments  on  cold  working  characteristics  of  L-605,  cold  working  studies  were  per¬ 
formed  by  rolling  specimens  from  each  heat  (reducing  the  1  1/4  in.  dimension)  using 
~  25  and  —  40%  multiple  reductions  with  intermediate  annealing  treatments  of 
1  hr.  at  2000,  2150,  and  2250°  F  followed  by  a  water  quench.  The  cold  rolling 
was  performed  at  Aeronutronic  Division  of  Philco-Ford,  Newport  Beach,  Calif¬ 
ornia.  A  qualitative  summary  of  the  cold  workability  of  each  heat  is  shown  in 
Figure  7.  The  No.  3  heat  (high  silicon)  was  noticeably  the  most  difficult  to  work. 
Heats  No.  4  and  6  with  the  very  low  silicon  (0.  04%  max.)  were  essentially  the 
same  as  the  other  heats,  i.  e. ,  Nos.  1,  2,  and  5  which  contained  0. 25%  Si  max. 
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*  Average  of  duplicate  tensile  results. 
** Averages  of  thr^e  readings. 


The  air  melted  heat  (No.  6),  was  reduced  50%  instead  of  40%,  which  resulted  in 
additional  material  loss  due  to  cracking.  This  difference  in  reduction  resulted 
from  the  fact  that  the  1  in.  x  1  1/4  in.  bar  stock  from  this  heat  was  processed 
first  according  to  plan;  the  bar  from  the  remaining  heats  (3/4  in.  x  1  1/4  in. ) 
twisted  badly  making  reduction  past  40%  impossible.  Due  to  the  limited  capacity 
of  the  rolling  mill  used  and  the  geometry  of  the  L-605  bars,  considerable  work 
hardening  of  the  surface  occurred  during  the  multiple  passes  required  to  achieve 
—  25  or  —40%  reductions.  This  caused  more  difficulty  than  would  be  expected 
during  shear  spinning  where  these  reductions  can  be  accomplished  in  a  single  pass. 
As  indicated  in  Figure  7,  the  2000° F  treatment  was  insufficient  for  the  subsequent 
reductions  compared  to  the  higher  temperature  (2250® F  and  2150pF)  solution 
anneals. 

Tensile  specimens  were  machined  from  samples  of  each  material  proces¬ 
sing  variable  and  tested  at  room  temperature.  These  results  along  with  hardness 
measurements  are  summarized  in  Tables  V  &  VI.  The  blank  spaces  in  the  tables 
indicate  lack  of  sufficient  material  for  testing  due  to  excessive  cracking  during 
cold  rolling.  This  problem  was  most  severe  for  the  high  silicon  (No.  3)  heat. 

Based  on  the  mechanical  properties,  hardness  data,  and  workability  (Figure  7), 
complete  annealing  did  not  occur  at  200(f  F,  but  at  2150  and  2250*F  annealed  pro¬ 
perties  were  achieved.  No  well  defined  effects  of  composition  were  noted,  except 
for  an  indication  that  the  high  silicon  heat  (No.  3)  was  slightly  stronger  and  less 
ductile  than  the  others. 

The  25%  cold  worked  specimens  did  not  consistently  reach  the  SCP/LASRM 
design  target  of  175  KSI  yield  strength  which  could  have  resulted  from  machining 
the  specimens  from  varying  locations  within  the  work  hardened  bar.  The  aging 
treatments  (700*F  and  120CTF)  increased  the  yield  strengths  significantly  over  this 
figure.  A  detailed  discussion  of  the  aging  studies  is  included  in  Section  HI-4.  The 
microatructures  of  cold  worked  material  annealed  at  2000,  2150,  and  2250*F  are 
shown  in  Figure  8.  The  200(f  F  photomicrograph  shows  partial  recrystallization  with 
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Note:  All  tests  run  in  duplicate  except  those  shown  by  *  which  are  singular 


TABLE  VI 

Room  Temperature  Ductility  and  Hardness  of  Cold  Worked,  Annealed,  and  Aged  L-605  Bar 

Condition  j  %  EL(1")  -  %  RA***  Hardness  -Rc** 

Heat  #1  2  3  4  5  6  12345 
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Data  are  averages  of  three  readings 

♦Testa  run  in  duplicate  except  those  shown  by  ♦  which  are  singular 
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heavily  ptcrlptlatod  grain  Iwiunduilcn  Uolh  of  the  hlghoi  tpm|*orAlure* 
eft  relive  In  i  esohiltonlng  the  precipitates.  Thi'  U y rvtT*  I1'  treatment  rcnulhnt  In 
algtitllcnfulv  grcutct  grain  growth  Mum  the  9150*  K  treatment  whlelt  tHual iaIpm 
1 1 n '  advantage  •  >1  minimis  ini’,  annealing  temper at;n p  for  gtm,,  r|*e  control  of 
sheai  spinning  prolonns. 

i,  At  JINK  M  l  ! 'I'll'  S 

Move  i  til  Im  >'ol  iijuloi  ^  |  tit  vp  h  how  it  Iucipaaom  In  strength  (and  an  ptulirlt 
(ling  lonilotu'v)  remitting  front  prolonged  o* j*osui  0  of  l.  (105  |o  Intermediate  temp 
natures  between  iml  it  no  lHiio"F.  tteennae  theNt*!’  l.AMHM  design  desli  e«  1  7  5 
KM  I  yl»'|o  strength,  (he  |Ms«thilstv  of  employ  lug  a  post  shear  spinning  aging  treat 
motif  for  fit»’ tcjuaml  strength  whn  oonsniered  atlrrtetive,  This  would  allow  girMter 
flexibility  In  Uip  Sl’IV  1.AMHM  production  proceatt  In  that  the  stieof  (It  requirements 
of  the  |tuii  vvotthl  no!  imppMMMi'lly  l»o  entirely  de(»eiidonl  upon  (hr  Amount  of  cold 
work  achiev rtt  during  (lu<  final  shear  spinning  reduction. 

Maniples  from  I  ftp  poltl  working  study  <M«n>tion  111  3)  wo  rr  aged  after  single  and 
mu'ttple  cold  reductions  of  •  Uli  and  -40%.  Aging  treatment*  i»f  700,  1200, 

Kino,  Writ)  nnd  lHOO*r  for  I'orieds  of  1,  10,  and  100  hr*.  were  selected  to  isolate 
mu  optlmu.o  jtoal  *1  rwr  Aj  tiling  treatment  (If  Any)  h>r  l»p*t  combinations  of  strength 
nn«t  ductility.  The  tensile  dnlu  (Tables  V  VIII)  were  averaged  (leaving  out  tin 
No,  ;i  high  silicon  hoMt)  mul  plotted  us  shown  In  Figures  9  14.  Two  relatively 
short  tiu.o  aging  treatments  upturn  red  effective  lit  Increasing  strength,  I.  p.  ,  l 
Hour  at  (20(>*F  and  10  hours  at  700*  F.  The  laltpr  treatment  showed  Ins*  rrdocftun 
In  ductility  than  the  former  with  essentially  the  a  a  mo  Inc  teases  in  strength. 

UecauNe  notch  sensitivity  of  materials  tor  such  aj>pltcattons  a*  SCF/KASHM 
center  sections  is  of  concern,  notched  (ensile  specimens  (K  -  7  b)  were  machined  f  n 
material  in  various  cole  worked  mul  aged  conditions.  Specimens  were  randomly 
selected  from  licit!  numers  l,  4.  and  t>  (omitting  number  .1,  the  high  silicon 
heat).  The  material  conditions  tested,  whit  It  art  detailed  In  Table  IX.  repre¬ 
sented  25  mul  40%  cold  rolled  material,  with  and  without  interstage  anneals  of  1 
hour  at  2U>tf*F  and  2250*  F  and  |>n«t  -working  aging  treatments  of  1  hour  at  1200* F 
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Note:  Data  are  result  of  single  tests. 
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tJTS-KSI  0.27.  Y.S.-KSI 


COLD  WORKED  L- 60 5  BAR  (ROOM  TEMPERATURE  DATA;  AVERAGES 
OF  HEATS  1,  2,  4,  5,  6) 


of  257.  COLD  WORKED  L-605  BAR  (ROOM  TEMPERATURE  DATA; 
AVERAGES  OF  HEATS  1,  2,  4,  5,  6) 
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FIGURE  II. 


AGING  TIME  -  HRS 

EFFECT  OF  AGING  TREATMENTS  ON  THE  DUCTILITY  OF  25%  COLD 
WORKED  L- 605  BAR  (ROOM  TEMPERATURE  DATA;  AVERAGES  OF 
HEATS  1,  2,  4,  5,  6) 


FIGURE  12, 


AGING  TIME  -  HRS 

EFFECT  OF  AGING  TREATMENTS  ON  THE  YIELD  STRENGTH  OF  40% 
COLD  WORKED  L-605  BAR  (ROOM  TEMPERATURE  DATA;  AVERAGES 
OF  HEATS  1,  2,  4,  5) 


ELONGATION -7.  RED.  OF  AREA- it 


AGING  TIME  -  HRS 

FIGURE  13.  EFFECT  OF  AGING  TREATMENTS  C.M  THE  ULTIMATE  TENSILE 
SI  IENGTH  OF  407,  COLD  WORKED  L-605  BAR  (ROOM 
TEMPERATURE  DATA;  AVERAGES  OF  HEATS  1,  2,  4,  5) 


WORKED  L-605  BAR  (ROOM  TEMPERATURE  DATA:  AVERAGES  OF 
HEATS  I,  2,  4  5) 
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and  10  hours  at  70<yF.  The  data  showed  that  the  material  retains  low  notch  sen¬ 
sitivity  even  after  40%  cold  work,  based  on  notched  to  unnotched  ultimate  strength 
ratios  of  0.93  to  1.  76  for  the  various  material  conditions.  However,  the  1200“F, 

1  hour  aging  treatment  increased  the  notch  sensitivity  of  the  material  significantly 
more  than  the  700* F,  10  hour  treatment.  Specimens  cold  rolled  .10%  and  aged  at 
1200*r  for  1  hour  showed  a  notched  to  unnotched  ratio  of  0.  56  which  would  be  con¬ 
sidered  very  low.  This  supports  the  tensile  data  discussed  above  which  showed 
that  the  lower  temperature  aging  treatment  was  more  effective  in  raising  the 
strength  of  cold  worked  material  without  significant  lowering  of  ductility.  Based 
on  these  data,  the  700°  F,  10  hour  aging  treatment  was  selected  for  aging  the  SCP/ 
LASRM  shear  spun  parts. 

Selected  typical  photomicrographs  of  aged  material  are  shown  in  Figure  15. 

It  is  interesting  to  note  that  no  precipitate  is  visible  in  the  700° F  aged  material 
using  optical  metallography  and  standard  preparation  techniques.  X-ray  diffrac¬ 
tion  analysis  of  the  aged  microstructures  is  detailed  in  Section  HI-5. 

5,  X-RAY  DIFFRACTION  STUDIES 

Aa  previously  discussed,  several  investigators  have  shown  that  a 
major  cause  of  the  embrittlement  phenomenon  observed  during  the  aging 
of  L-605  in  the  temperature  range  1200®  F  to  2000° F  is  the  precipitation  of  a  Laves 
phase  along  slip  planes.  The  grain  boundary  precipitation  of  complex  carbides 
(M  C  and  M  C)  are  also  a  contributing  factor  in  the  loss  of  ductility.  The  micro- 
structures  (Figures  5,  6,  8  and  15)  of  samples  representing  various  hot  and  cold 
worked  conditions  with  subsequent  heat  treatments  show  considerable  variation  in 
the  quantity,  location  and  appearance  of  the  precipitates.  In  order  to  quantitatively 
establish  the  types  of  precipitates  formed  and  their  relationship  to  the  mechanical 
properties  presented  in  Section  III-2,  3,  &  4,  the  precipitate  phases  from  eleven 
specimens  from  heat  5  (Table  I )  in  the  conditions  shown  in  Table  X  were 
extracted  by  electrochemical  methods  and  identified  by  x-ray  diffraction  analysis. 


4C 


FIGURE  15.  EFFECT  OF  COLD  WORKING 


Phase  l\.\t  ruction  Methods 

Tlu  «  icctiochciulcitl  cvlm  turn  ami  \  i  iiy  •  HI  I  riet  Ion  unulpfdn  win 
l>ertortin  d  by  Sloan  HoNcureli  Industries,  Santa  Itmbaru.  I’alttoiiiin  using  the 
nchntques  discussed  l>v  Wlodrl^"'  The  general  procedures  nH  (otlh  In  thin 
1 1, i t k ■  wiTr  follow.', I.  lail  It  wan  1,  and  urn'  '-tnry  (o  Inoot  |Mi  ;ilc  additional 
treatments  for  further  ret  tiling  oi  I,  reelpttilo  Initial  cleetrolvltc  e\tr»e 
tions  won'  |u  rtornied  using  Heath  K 11  M  alei  II’  ::0  regulated  |  tower  supply 
which  could  Ik-  admitted  for  the  proper  ci  rr.-nt  density  ol  U > i '  nut  i  t  i  volts  In 
ti  lU/t,  sulfuric  add,  mctiinnal  solutlo  Approximately  hours  were  reqult'ixl 
to  digest  :i  grunts  ol  th«*  banc  alloy  In  all  rases  lids  gave  lens  Hum  '>  mg  ot 
precipitate  r  -siduc.  Saint'  problem  wan  eneouno  red  w  ilJt  nonadlu  rent  scaling 
of  the  spectl'ogrnphie  grade  graphite  cathodes,  resulting  in  plated  material 
dropping  Into  the  kith  X-ray  difiruction  u  .  etl  these  flukes  and  dendrites 
to  be  of  an  m-eobalt  atructurc  which  were  irmoved  trom  (he  bath  with  it 
magnet.  After  r  sufficient  quantity  of  alloy  wan  e!eetn*lytieally  digested, 
the  mixture  was  centrifuged  and  washed  with  a  fresh  quantity  ot  I0  \  sulturle 
acid/nuthunol  This  effectively  dissolved  any  remaining  cobalt  partleku  left 
in  the  residue  This  treatment  was  foliowtd  by  additional  centrifuging  and 
washing  with  distilled  water.  The  acid  tree  precipitate  war  spread  on  clean 
mica  'scope  sidles  and  allowed  to  dry  nor  to  preparation  fur  the  diffraction 
analysis. 

Portions  of  fne  residue  were  additionally  treated  with  a  10\n  bromine 
methanol  solution  by  .caching  for  :M  hours.  Tins  more  active  ag«  at  was  to  dis 
solve  any  intermeUtllirs  present  arid  leave  only  '.lie  inert  carbides  as  residual 
precipitates.  Alter  centrifuging  and  washing  with  distilled  water,  this  residue 
•vas  dried  for  diffraction  studies. 

>».  X  -  raj  U  iff  faction  Sample  Pi  partition 

1  iie  initial  diff '‘action  studies  were  performed  by  placing  the  dried 
residues  into  microsample  holders  for  study  with  a  Norc-lc  X  ray  diffraetomote 


I I  mi  in  i<  i  hm  none  i  •!  I  hi’  n nm !  I  i  jnnnl ! t  \  of  at  a  I  table  pi  t>(  I  pi  I  a  l>>  lli«’  Inli'imih 
llii'  iltlfiiii  I  i  •  •  i  gnnln  ni'h  iiimiMUIi'IiI  l\‘l  nil  l<ot  flu  ee  nillliplra  In  In  nnnl\4|d 
nllli  lln  <  It  1 1 1  Hill  •iih'Ic  i  III. 'till. 1.',  |  >i  i\t  ilr  t  i  mutt  ii  Ineltltlipien  weie  iimimI  Iteeilutae 


•  >1  IlnMi  gienlei  mi  lulu  I  it  \  Im  mil  in  iniiii|i|i’ft  Sample"  Ini  (In  •  aim  >«  analysta 
null'  pi  i'|ii»  i  i’it  I  •  y  in  I \tng  |>ni  I  limn  nil  In’  i  it  i  null’ll  i  i’;i  lilun  n  1 1  Ii  it  1 1 \u  |tnivcui 

i’ll  1 1 1 1  lour  II 1 1 1  ill'  II  III!  I  .-III  (ill'  n  nl  ill  I'll  illu  I  I  nil  I  llg  I  Ilr  |  in  I  I  In  1 1  \  ill  U'll  'III  V  111  I  r  1 1  tin 

ii  0.  2  mm  illiiim  In  liber.  A  pi  m  l ninK  I >« < 1 1 v «  Ncheirei  |*nudn  ddl  motion  niimi’t  n 
linn  llUiui.  Ill'll  I'li'l.  lilt!'  In  till'  v  lay  llllnl'1'rit'i'lli'i'  nl  (Ilr  I  ’  1  •  I  'll  1 1 .  Illil.rl  niul  (inn 
ill  llii’  ml  1 1 1 1  >  1 1  *  which  caused  I'lrrnnlvi'  tngglug  1  ‘  Oil'  film.  II  wan  ini'rinui  ty  In  uric 
I  lie  lower  Intensity  mlinll  lv  *  prlriiil'v  1  ilil  till  •  i  m  lul  nninn  nl  (lie  nlll.ln  M 
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e.  Analysis  nf  Hut  Working  Studio.. 

Four  samples  from  heat  number  a  representing,  in  nous  conditions  of 
hut  work.  i.  i*.  .  ita'f.  reduction  at  2  1  50° F  with  throe  of  (he  amples  being  Mubsei|uently 
reduced  2f>%  at  21;>0"K,  2000" F  ami  1800"  F.  were  evaluated  by  the  ext  not,  nil/ x  -ray 
il iff i 'Mellon  technhji.e  to  investigate  the  effect  of  lorging  temperature  on  tiie  .m  ’via 
tin,-,  o!  embrittling  precipitates,  "rim  to  forging  the  material  had  been  annealed 
for  one  hour  at  2150'  F.  Results  of  the  diffraction  .studies  me  m  agreement  with  tin 
appearance  of  the  microstrucUms  (Figures  ft,  0)  and  (he  mechanical  properties! 
(Tables  HI,  IV)  of  the  hot  worked  material.  The  lower  temperature  working  (18ft0"F 
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*»n«t  tomtlto*!  !ii  llti'  t<n  mutton  ot  llu’  M  i'  ourlmli  s  with  it  ttm  r  uniottnl  "| 

it 

(h'*is  ihuu  > :  o{  tit*-  tolul  on t  hnh)  M  t  t  Y  tot  ttti'il  In  tlir  1*0. O'  T  |ot  |M'il  ,.!)in|i|ii  otil* 

I  In1  tMtittple  Ii'fotui’tl  ni  •  t  ail"  K  I'oiitutiii'ii  n  vi'tv  nut. ill  itmoiiui  ol  M  i'  unlioutHiu 

(i 

tllUt  Hum  t  tt  t  i  1  k  liltulo  t«  nlttl  li'triil  t  •  >  lotulll  niiwil  o|  (In'  on  t  lililon  In  laoltiUott  tlurhlk 
it  ni'i'i  >inl  rohmit  No  i  mi  tillin'  n  mount  >«l  nnv  prootpllato  wan  louinl  In  tin1  samplo 
Willi  till’  Httifjlo  '.i*  I  t'tlnn  t  ion  lit  I  :*0'  !■'  Mu  I  It'll  1 1  lip  Hint  tlto  |  >  i'i  •  hUlilto  loriutll  hut 
oi  on  i  t  oil  iltt  i  tun  tlx 4  nim  ml  tm  iilng  opo  t  ;*  t  ton  Tin-  iluu  1 1 1 1 1  y  ot  tlio  n  in  to  Mil  I  tin 
i)ii':iiii  tod  liy  I'lonitutton  tinil  ioou*tton  ot  utoa  (  I'uhlo  IV)  niton  t  Hoo  totmo  trom 
It'  >  unit  -to.  !*,  t  on i'o*' 1 1 '  oly,  tor  tin-  ntttnlo  t ciltioi'il  mntoi  t:il  to  HI.  it  tin* I  ,1,’,  «> , 
t  ospootli  ol\  tot  tlio  ntiioiiloti  l  elorpoil  at  Is.'iOl-'.  |'ln<  liu  I'Hnon,-.  o|  the-  amuplos 
(laltlo  IV)  almt  mo  rottrioil  (tom  H  Ml  t  * »  11.  Although  a  mu|oi  port  too  ot  tlio 

I’luuiUc'  in  imvItiUtW  ul  propoillms  o*t it  In*  att ributod  to  tin •  utloot  ot  rolativo 
dogiimu  ni  working  of  tlui  iitnli'ilnl,  ,hu  piVNoiu'n  of  tlio  uurhlili'.-t  should  if  i 
ho  dlutcgardod  uh  a  iKifoillilo  oontrihuting  tuotoi. 

*1  Analyst**  of  fold  Winking  Studio** 

V'our  .•ft'f,  oold  w  *  irk  i'd  snntplos  front  limit  mi  mho  r  a  ivoro  ovtiltmfi'd 
l»V  tin'  otifiiii’lioit  \  ruy 'lltlrurtin  toi'lm nju«'  to  invontigato  tin*  otfoot  ol  nitnoulUtk 
ti>ni|H<nituiv  on  tlio  forintitton  of  prootpltatos.  Tho  mutoriu!  wan  uiinoalod 
ut  1'iU* F  for  nm*  hour  tuul  ivator  tpionohod  prior  to  lit*'  rnlit  rmiuctlon.  Om* 
samplo  was  ova iua t ml  In  Uit*  an  -worked  oomlttlon  and  tin  romuiniiig  throo  werr 
ovutuatod  aflor  annonling  at  1’2!)0"F,  :•  j  r>lf  F  ami  '.'OOO'K  tor  otto  hour  follnvod  hy 
a  watt* r  ipionoh  .  I'm-  m.crostriK’UU'os  of  tlio  asivorfa'd  samplo  ami  tho  two  with 
tho  Itighor  tempo  rulutv  annoals  (K'tfure  N)  »ro  n  lativoly  fi'oo  of  visible 
tutors oamthir  or  pram  ooundary  prootpltatos.  Tho  oxtraotb  a  \  ray  diff  motion 
analysts  oottfirinoii  'tits  ol>so  nation  show  hip,  no  utoasurnhlo  amount  of  proo  ipitato 
paa.M-  pi  t  , sont  Tito  miornst  ruolo.i  *■  of  tlio  samplo  annealod  a;  .'i)O0"  has  a  lioavy 
prat  it  'tot 'np.*  >  i'i'ipitato  as  via  li  as  aovoi.tl  larpo  into  prattuiar  oa  rhtdos.  llu 
ovtraoiton.  x  ray  'lift ruoiii.o  unaiytn  -ii.iwmi  iho  prosonoi  of  oonsnii  table  amounts 


>>f  M  ,('  in  this  sample.  The  2 1  r* 0" F  treatment  appears  optimum  from  the 
(> 

Mtuml|>otnt  of  preventing  precipitate  formation  without  excessive  grain 
growth  as  discussed  in  S«*etion  Ill  0. 

e  Analysis  of  Aginy  Studies 

The  formation  of  a  haves  phase,  probably  (Co,  Ni)  (Cr,  W)  and 

( 2)  1 

commonly  refered  to  as  Co„W,  has  been  shown  by  Wlodek  to  increase  with 
time  during  aging  witli  a  considerable  decrease  in  ductility.  Schulz''  '  indicated 
that  the  number  of  lattice  discontinuities  present  in  the  form  of  twins  can  con¬ 
tribute  to  the  loss  of  ductility  by  allowing  the  Laves  or  carbide  precipitates  to 
form  in  an  udvorse  manner  such  as  continuous  platelets.  The  microatructure 
of  the  aged  samples  (Figure  15)  show  an  increase  in  the  density  of  slip  planes 
or  twins  witli  increasing  aging  temperature  and  were  assumed  to  be  visible 
as  a  result  of  precipitate  formation.  Three  samples  which  had  been  annealed  at 
2150“  K  for  one  hour  and  water  quenched  then  cold  rolled  to  a  25%  reduction  with 
subsequent  aging  for  one  hour  at  VtKfF,  ten  hours  at  700*F,  and  one  hour  at  1200®F 
were  evaluated  by  the  extraction/x  -ray  diffraction  technique  for  the  presence  of 
embrittling  precipitates.  These  samples  were  selected  as  representing  the 
recommended  aging  treatment  for  the  SCP/LASRM  combustor  center  sections. 

No  measurable  amount  oi  precipitate  was  found  in  either  of  the  samples  aged  at 
700“  F  or  1200“ F  for  one  hour.  A  measurable  amount  of  Laves  phase  was  found 
in  the  sample  aged  for  ten  hours  at  700°F;  however,  the  microstructure  (Figure  15) 
does  not  indicate  the  presence  of  a  precipitate  phase.  An  electron  microscopic 
examination  was  performed  on  this  sample  in  an  attempt  to  determine  the  extent 
and  location  of  the  Laves  phase.  The  specimen  was  found  to  be  composed  of  large 
grains  showing  considerable  slip  from  the  cold  reduction.  The  grains  were  uni¬ 
formly  peppered  with  a  very  sinaM  (1000  -  2000  A°)  Laves  precip*  te.  No  inter¬ 
granular  precipitation  w\us  observable  in  the  sample.  Additional  ;.ging  would  be 
required  to  cause  the  particles  to  form  the  platelets  which  are  commonly 


described  as  the  morphology  of  the  Laves  phase.  Wlodek's  work  regarding 

formation  of  the  Laves  phase  involved  the  evaluation  of  material  aged  at 

(2) 

1600°  F  for  up  to  1000  hours  with  a  minimum  exposure  of  16  hours 

6.  SPECIFICATION  FOR  FORGED  PREFORMS 

All  the  mechanical  property  data  from  the  hot  working  and  cold  working 
studies  were  analyzed,  particularly  with  respect  to  ductility,  in  an  attempt  to 
isolate  an  optimum  composition  for  maximum  workability.  No  one  heat  appeared 
outstanding,  although  signiticant  trends  were  observed  with  respect  to  iron  and 
silicon  contents.  High  silicon  is  definitely  undesirable  for  maximum  fabricability. 
The  effect  of  iron  is  not  as  pronounced  although  the  somewhat  scattered  data  indi¬ 
cate  that  iron  has  a  beneficial  effect.  These  results  are  in  fair  agreement  with 
previous  work  performed  by  others  The  effect  of  manganese  was  uncertain 

due  to  conflicting  comparisons  of  data  although  it  is  believed  that  further  work 
might  prove  that  manganese  is  beneficial.  The  chemistry  selected  is  shown  in 
the  following  specification.  Although  the  air  melted  heat  (No.  6)  was  comparable 
with  the  others  in  many  respects,  difficulties  experienced  with  this  heat  in  hot 
forging  and  cold  rolling  (which  was  partially  due  to  a  difference  in  bar  geometry 
compared  to  the  others)  precluded  a  dee  .  ion  to  select  air  melting  as  an  optimum 
melting  process.  Based  on  these  considerations,  previous  Marquardt  experience, 
ad  additional  data  developed  in  Phase  of  this  program,  the  specification  in¬ 
cluded  below  was  developed  for  forgings  and  for  ging  stock  of  shear  spinning 
quality. 

TITLE:  COBA1  "  >.LLOY  (L-605)  FORGING  STOCK  AND  FORGINGS 
OF  SHF.  *~R  SPINNING  QUALITY 

1.  Scope 

The  purpose  of  this  sy reification  is  to  establish  material  conditions, 
restrictive  requirements  and  qi  u'dty  control  procedures  for  L-60b  cobalt 
baoe  forging  stock  and  forgings  suitable  for  forming  by  shear  spinning 
techniques. 
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2.  Applicable  Speclficatlona 

The  following  specifications  a.id  standards,  of  the  issues  in  effect 
on  date  of  invitation  for  bids,  or  ns  stated  on  the  purchace  order,  form 
a  part  of  this  specification. 

2.  1  AMS  2261;  Tolerances  -  Nickel,  Nickel  Base  and  Cobalt 
Base  Alloy  Bars  and  Forging  Stock. 

2.2  AMS  2620;  Ultrasonic  Inspection 

2.3  ASTM  E  45;  Recommended  Practice  for  Determining  the 
Inclusion  Content  of  Steel. 

2.  4  ASTM  E  112  -  Methods  for  Estimating  the  Average  Grain 
Size  of  Metals 

2.5  Federal  Test.  Method  Standard  No.  151a  -  Metals;  Test 
Methods 

3.  Technical  Requirements 

3. 1  Composition  -  The  composition  of  the  alloy  shall  conform 
to  the  following; 


Element 

Percent 

Check  Analysis 

Under  Min. 

Over  Max. 

Carbon 

0. 1.0  max 

- 

0.01 

Manganese 

1  00  2.00 

0.  04 

0.  04 

Silicon 

0.  ’5  max 

- 

0.  01 

iron 

l.v  -3. 00 

0.  05 

0. 10 

Phosphorus 

0.  OK  max 

- 

0.  005 

Sulfur 

v  >15  max 

- 

0.  005 

Ci.t  vmiuta 

lb.  co -21. 00 

0.  25 

0.  25 

Nicks? 

9. S3 -11. 00 

0. 15 

0.  15 

14.  00-16.  00 

0.  10 

0.  10 

Cobalt 

Remainder 

- 

- 

3.  2  Melting  Pvy  tm-  -  The  material  shall  be  produced  by 
mutup'e  vacuum  melting  process.  The  ffnai  process  shall  be  the 
vacuum  consum  rouble  electrode  remeltir.g  technique,. 


' ..... - - .  mmmamn  i 
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3.3  Ft  rglng  Practico  -  Forging  parameter#  Hholt  be  chorion 
mteh  that  following  solution  horn  treatment  the  forgings  shall  moot  the 
requirement#  of  Sections  3.  t>,  3.7,  3.  8,  3.0  ami  3.10.  Ingot#  ahull  ho 
reduced  sufficiently  in  cross  unction  to  uHNure  projxu'  uniform  refine¬ 
ment  of  structure  n  Urn  forged  billet. 

3.4  Heat  Treatment  -  The  forgings  .shall  be  solution  treated 
by  heating  between  2150°F  and  2200* F,  holding  at  temperature  for  not 
less  than  1  hour  nor  more  than  3  hours  per  inch  of  cross  section  and 
quenching  in  agitated  water.  These  parameters  may  be  varied  as 
required  to  meet  requirements  of  Sections  3.  (I,  3.  7,  3.  8,  and  3.  10. 

3.  5  Condition  -  Forgings  shall  be  supplied  in  the  solution 
annealed  and  descaled  condition. 

3.  6  Hardness  -  Forgings  shall  have*  a  hardness  not  higher 
than  Brinell  248  (Rookwoll  C  24). 

3.  7  Tensile  Properties  -  Tensile  properties  of  forging  stock 
and  forgings  in  the  solution  annealed  condition  shall  be: 

Tensile  Strength,  psi  125,000  min. 

Yield  Strength,  0.  2%  offset  45,000  min. 

Elongation,  %  in  4D  30  min. 

3.  8  Grain  Size  -  The  grain  size  of  forgings  as  determined 
by  ASTM  E-112  shall  be  predominantly  3  or  finer  with  occasional 
grains  as  large  as  2  permissible. 

3.  9  Maorostructure  -  Flow  line  patterns  of  forged  parts 
shall,  be*  as  specified  on  the  forging  drawing. 

3. 10  Microcleanliness  -  The  procedure  for  determining  the 
inclusion  rating  shall  be  in  accordance  with  ASTM  E-45,  Method  D. 
This  rating  based  on  specimens  representing  the  worst  area  of 
inclusions  shall  not  exceed  the  following: 


Inclusion  Rating 


Type  Indus  ion  A  BCD 

Thin  1.5  1.5  1  2 

Thick  1  1  1  1.5 

In  addition,  the  material  shall  be  substantially  free  of  grain  boundary 

precipitates  when  examined  at  500X  magnification  after  eleictrolytically 

etching  with  a  solution  of  the  following  proportions:  100  ml  H  O,  40  ml 

A 

acetic  acid,  40  ml  HC1,  15  ml  HJSO.,  40  ml  HNO„,  and  25  g.  FeCl„. 

2  4  3  o 

3.  11  Ultrasonic  Inspection  -  The  method  of  ultrasonic  inspec¬ 
tion  shall  be  the  immersion  process  in  accordance  with  AMS-2630.  All 
forgings  (100%)  shall  be  inspected  to  discontinuity  indication  limits  of 
3.11.1,  3.11.2,3.11.3,  and  3.11.4. 

3.  11. 1  No  discontinuity  indications  in  excess  of  the  response  from 
a  3/64  -  inch  diameter,  flat-bottomed  hole  at  the  estimated  discontinuity 
depth. 

3. 11.  2  Multiple  indications  in  excess  of  the  response  from  a 
1/32  in.  diameter  flat-bottomed  hole  at  the  estimated  discontinuity  depth 
shall  not.  have  their  indicated  centers  closer  than  1  inch. 

3. 11.  3  Indications  from  a  single  discontinuity  equal  to  or  greater 
than  the  response  from  a  1/32  in.  diameter  flat-bottomed  hole  at  the 
estimated  discontinuity  depth  shall  not  be  more  than  1  in.  in  length. 

3. 11.  4  Multiple  indications  shall  not  be  of  such  size  or 
frequency  as  to  reduce  the  back  reflection  pattern  to  50  percent  or  less 
of  the  back  reflection  pattern  of  normal  material  of  the  same  geometry, 
with  the  crystal  parallel  to  the  front  and  back  surfaces  to  insure  that 
the  loss  of  back  reflection  is  not  caused  by  surface  roughness  or  part 
geometry  variation. 
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3, 12  Workmanship  -  The  material  shall  be  uniform  in  quality 
and  condition,  free  from  pipe,  flakes  or  heat  cracks.  It  shall  be  free 
of  defects  such  as  seams,  laps,  cracks,  slag,  hard  spots,  porosity, 
rolled  in  scale,  fissures,  gas  cavities,  and  undue  segregation  which 
may  be  detrimental  to  the  fabrication  or  performance  of  parts. 

4.  Identification  -  Forgings  shall  be  identified  as  indicated  on  the 
forging  drawing  or  purchase  order. 

5.  Quality  Assurance 

5. 1  Lot  -  A  forging  lot  is  defined  as  all  forgings  produced 
in  one  run  from  the  same  heat  of  material  and  heat  treated  in  the  same 
furnace  load. 

5.  2  Chemical  Analysis  -  A  sample  from  each  heat  of 
material  represented  in  the  shipment  shall  be  analyzed  to  determine 
conformance  to  the  chemical  composition  requirements  of  Section  3.  1. 

5. 3  Tensile  Properties 

5.3. 1  Two  each  room  temperature,  tensile  tests  shall  be 
made  in  accordance  with  FTMS  151  on  each  forging  lot  represented 
in  the  shipment, 

5.3.  2  The  test  specimens  shall  be  generated  from  forged 
coupons,  (forged  from  the  same  heat  of  material  as  the  represented 
forgings,  given  the  same  reduction  and  heat  treated  with  the  forgings 
from  prolongations  on  production  forgings,  or  a  sectioned  forging 
as  designated  on  the  forging  drawing. 

5. 4  Micro-Examination  -  One  forging  or  forged  sample 
from  each  forging  lot  shall  be  prepared  and  examined  to  determine 
grain  size  and  microcleanliness. 

5.  5  Hardness  -  Each  forging  shall  be  checked  for  hardness. 

6.  Reports 

The  vendor  sliall  furnish  with  each  shipment  three  copies  of  a 
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certified  test  report  of  the  results  of  tests  for  chemical  composition, 
tensile,  hardness,  and  grain  size.  This  report  shall  include  the 
actual  hot  working  temperature  and  the  final  solution  heat  treatment  of 
the  forged  parts.  This  report  shall  include  the  purchase  order, 
material  specification  number,  heat  number,  size,  length  and  quantity 


from  each  heat. 


SECTION  IV 


PHASE  II  -  MANUFACTURING  PROCESS  DEVELOPMENT 

The  objective  of  this  phase  was  to  develop  a  prcx'ess  for  producing  S CP/ 
LASRM  combustion  chamber  center  sections,  utilizing  the  technology  generated 
in  Phase  I.  This  effort,  was  subdivided  into  two  steps.  First,  five  small  test 
cylinders  were  shear  spun  from  forged  preforms  procured  according  to  the 
recommendations  resulting  from  the  Phase  I  work.  The  intent  of  this  effort  was 
to  verify  the  specified  preform  quality  requirements  by  producing  components 
requiring  a  large  reduction  (50%)  during  shear  spinning.  After  this  was 
accomplished,  five  SCP/LASRM  components  were  produced  from  or;,  ed  preforms 
of  the  same  quality  level.  The  process  thus  developed  served  as  a  basis  for  a 
shear  spinning  process  specification. 

In  addition,  for  purposes  of  exploring  a  much  cheaper  process,  one 
centrifugally  cast  SCP/LASRM  preform  w-as  procured  and  shear  spinning  was 
attempted. 

1.  SUBSIZE  TEST  CYLINDER  FABRICATION 

As  mentioned  above,  the  initial  step  in  Phase  II  was  to  verify  that  preform 
quality  specified  in  Phase  I  was  adequate  for  cold  shear  spinning.  In  the  interest 
of  economy,  a  small  conical  shaped  part  (Figure  16)  was  selected  for  this 
purpose  because  of  existing  available  tooling  for  lorgtng  and  shear  spinning.  Jr. 
addition,  this  particular  part  required  a  50  percent  single  reduction  during 
shear  spinning,  which  was  greater  than  was  planned  tor  shear  spinning  the 
SCP/LASRM  parts,  (i.e.  approximai-  1>  30%  max.  reduction  per  |M*ss),  Therefor* 
fabrication  o!  this  part  was  a  realistic  and  severe  test  of  the  material 's  abil it; 
to  be  (mid  shear  .spun. 


L-605  for;  ng  stock  (2-3  3  in.  din.  bar)  was  supplied 
vendor,  A  returns  Mann  rapturing  Corp.  ,  Oxnard.  California 


’  the  forging 
by  then  supplier, 


All  vie  Metals  Oinijviny,  Monroe,  North  Carolina .  The  double  vacuum  melted 
material  was  purchased  to  a  specification  equivalent  to  that  Included  In 
Section  HI  t*. 

Kxamination  of  the  hot  rolled  mierostrueture  of  the  bar  prior  to  forging 
revealed  that  it  was  heavily  handed  with  carbide  precipitates  and  contained  a 
significant  amount  of  grain  boundary  carbides.  Annealing  studies  on  samples 
of  the  material  showed  that  a  2250“F,  two  hour  annealing  treatment  followed  by 
a  water  quench  was  effective  in  eliminating  the  grain  boundary  carbides  and 
minimizing  the  carbide  stringers.  A  decision  was  made  to  anneul  the  forging 
slock  accordingly  prior  to  forging. 

The  bar  was  then  sectioned  into  6-3/4  inch  lengths  as  starting  stock  to 
produce  the  cup  shaped  forging  shown  in  Figure  16.  The  forging-  operation 
consisted  of  the  following  sequence: 

(1)  Preheat  2-3/4  in.  diameter  x  6-S/4  in.  long  bar  to  2125  t  25*F 
and  hold  at  temperature  for  15  minutes. 

(2)  Upset  using  flat  dies  on  a  12,000  lb.  hammer  to  approximately 
4-1/2  in.  diameter  by  2-3/4  in.  long, 

(3)  Reheat  to  2125  +  25°F  and  hold  at  temperature  for  15  minutes. 

(4)  Forge  to  final  configuration  using  closed  dies  on  a  10,000  lb. 

r»  f 

(5)  Water  quench. 

(6)  Anneal  at  2150®F  +  25' F  for  2  hours,  water  quench. 

The  five  forgings  were  produced  with  no  difficulty  rnd  shipped  to  Marquardt. 

Representative  samples  were  examined  for  grain  size,  microcleanliness, 
and  hardness.  The  grain  size  determined  by  ASTM  E-112  ranged  from  No. 

3. 5-4. 5  which  complied  with  the  specification  limit  of  No.  3  or  finer  with 
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occasional  No.  2's  permissible.  The  mlerocieunl iness  was  determined  per 
ASTM  El ~  1 5 ,  Method  D,  and  was  found  to  be  acceptable  based  on  the  following 
data: 


Inclusion  Rati ng 

Type  _A  B  C_  D_ 

Specified  Actual  Specified  Actual  Specified  Actual  Specified  Actual 
Max.  Max.  Max.  Max. 

Thin  1.5  1.3  1.5  0  1  0  2  0.6 

Thick  1  0  1  0  1  o  1.5  0.3 

The  hardness  data  ranged  from  Brinell  237-269,  (Rockwell  C22-28). 

This  was  slightly  marginal  compared  to  the  specification  limit  of  the  Brinell 
248  (Rc  24)  max.  However,  the  higher  readings  (248-269  EHN)  occurred  on 
the  base  of  the  forging  and  not  on  the  wall  which  is  the  only  portion  that  is  shear 
spun.  The  general  appearance  of  the  microstructure  showed  heavier  than  usual 
carbide  stringers,  but  no  evidence  of  grain  boundary  carbides  which  were 
considered  detrimental  for  shear  spinning  operations  and  were  prohibited  by  the 
specification.  A  typical  photomicrograph  of  a  forging  is  shown  in  Figure  17. 

The  vendor's  certified  chemical  analysis  is  shown  in  Table  XI  along  with  the 
specified  composition. 

The  five  forgings  were  machined  into  shear  spinning  preforms  as  shown 
in  the  sketch,  Figure  16.  The  parts  were  shear  spun  at  the  Marquardt-Van  Nuys 
facility  using  a  horizontal  20,000  lb.  single  roller  floturn  machine  (Figure  18). 

A  single  pass  was  made  utilizing  approximately  a  50%  reduction  (reducing  the 
wall  from  0.215  in  to  ~0. 118  in.  in  thickness).  The  shear  spun  parts  are 
shown  in  Figure  19.  The  parts  spun  very  well  but  with  one  minor  problem. 

One  of  the  parts  showed  significant  cracking  on  the  inner  surface  at  the  radius 
between  the  wall  and  base  (closed  end)  of  the  preform,  and  two  others  showed  a 
very  superficial  crack  at  exactly  the  same  location.  A  cross  section  of  the 
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548-3 


FIGURE  17.  MICROSTRUCTURE  OF  ANNEALED  SUBSIZE 
TEST  CYLINDER  PREFORM 

(ETCHANT:  SCHANTZ) 
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TABLE  XI 

COMPOSITION  OF  L-605  FORGING  STOCK 
(WEIGHT  PERCENT) 


Element 

Requested 

Vendor 

Analysis 

C 

0. 10  Max. 

0.095* 

Si 

0.25  Max. 

0.23** 

Fe 

1.0-3. 0 

1. 17 

P 

0.010  Max. 

0.006 

S 

0.015  Max. 

0.015 

Mr 

1.00-2.00 

1.86 

Cr 

19.00-21.00 

19.97 

Ni 

9.W-11.00 

9.90 

W 

14.00-16.00 

14.97 

Co 

Remainder 

Bal. 

Verified  at  Marquardt:  0. 10,  0. 085, 

Verified  at  Marquardt:  0. 2,  0, 2. 
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FIGURE  18.  FLOTURN  MACHINE 


most  severe  crack  is  shown  in  Figure  20.  The  floturn  mandrel  was  slightly  worn 
in  that  location,  which  in  combination  with  stack  tolerances  on  the  machined 
preforms  could  have  caused  the  problem.  The  entire  wall  on  each  preform  spun 
extremely  well  with  no  evidence  of  grain  boundary  separation  or  other  surface 
discontinuity  which  indicated  that  the  preform  was  of  acceptable  shear  spinning 
quality. 

Tensile  specimens  were  machined  from  the  longitudinal  direction  of  one 
of  the  cylinders  to  investigate  the  effect  of  cold  shear  spinning  on  tensile 
properties  and  to  determine  uniformity  of  properties  throughout  the  part.  In 
addition,  some  of  the  samples  were  given  the  most  promising  aging  treatment 
(as  discussed  in  Section  III— 4,  i.  e.  700*.  F  for  10  hours)  prior  to  testing.  The 
data,  listed  in  Table  XII,  showed  very  high  strength  and  low  ductility  which 
demonstrates  the  extremely  high  work  hardenabilily  of  L-605 .  The  aging 
treatment  was  effective  in  increasing  the  yield  strengths  approximately  12-1/2%, 
but  also  reduced  the  low  ductility  to  zero.  As  expected,  the  properties  were 
very  uniform  compared  to  the  data  generated  on  cold  rolled  bar  stock  in  Phase  I 
of  the  program. 

2.  SCP/LASRM  COMBUSTION  CHAMBER  CENTER  SECTION  FABRICATION 

a.  Preform  Fabrication 

Forging  stock  in  the  form  of  8  in.  diameter  round -cornered  square 
bar  was  supplied  to  Arcturus  Manufacturing  Corp.  by  their  supplier,  Allvac 
Metals  Company  from  the  same  heat  as  the  2-3/4  in.  diameter  stock  used  for 
the  subsize  test  cylinders . 


Examination  of  the  microstructure  at  Arcturus  prior  to  forging 
revealed  an  appearance  similar  to  that  of  the  2-3/4  in.  diameter  bar,  i.e. , 
heavy  banding  and  grain  boundary  precipitates.  Also,  a  duplex  grain  size  was 
evident  near  the  periphery  of  the  bar.  Annealing  studies  were  conducted  con¬ 
currently  with  material  from  the  2-3/4  in.  diameter  bar  as  discussed  in 
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Section  IV'-l.  The  same  annealing  treatment  was  selected  for  the  8  in.  bar,  i.e.  , 
2  hours  at  2250°  F  followed  by  a  water  quench. 

A  sketch  of  the  forging  is  shown  in  Figure  21  which  also  shows  the  out¬ 
line  of  the  machined  shear  spinning  preform.  Five  of  these  parts  were  made  as 
detailed  in  the  flow  chart,  Figure  22. 

Samples  from  the  forgings  were  examined  at  Marquardt-Van  Nuvs  to 
determine  conformance  to  the  procurement  specification.  It  was  fouiid  that  the 
hardness  was  slightly  above  the  specified  limit  (262-269  BHN  vs.  248  max.) 

The  grain  size  was  acceptable,  ASTM  No.  5  -6.5,  and  the  microclean¬ 
liness  was  the  same  as  that  of  the  small  forgings  as  reported  in  Section  IV-1. 

An  additional  anneal  had  been  planned  after  machining  the  preform  prior 
to  spinning.  Based  on  the  results  from  the  six  heats  evaluated  in  Phase  I  and  on 
other  heats  processed  at  Marquardt,  an  additional  annealing  treatment  of  2150°F 
for  1  hour  followed  by  a  water  quench  had  been  preselected.  However,  since 
this  particular  heat  did  not  respond  typically  to  the  first  annealing  treatment  of 
2150°F  for  2  hours  as  evidenced  by  the  grain  boundary  precipitates  and  higher 
than  expected  hardness ,  additional  heat  treating  studies  were  conducted  to 
optimize  the  post-machining  anneal.  Small  pieces  from  the  base  of  three  forgings 
were  annealed  for  2  hours  at  2150,  2175,  and  2200°F  and  for  4  hours  at  2175°F. 
The  results  indicated  that  the  2200°F,  2  hour  annealing  treatment  would  improve 
the  microstructure  and  lower  ihe  hardness  to  a  satisfactory  level.  Figures  23 
and  24  show  respectively  the  microstructure  of  an  as-received  forging  and  after 
annealing  for  two  hours  at  2200“F  (followed  by  a  water  quench),.  Based  on  this 
information,  these  parameters  were  selected  for  the  post-machining  annealing 
treatment. 

The  forgings  were  machined  to  the  sketch  shown  in  Figure  25.  In  process 
and  final  dimensional  inspection  was  performed  with  the  assistance  of  templates 
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Specimen 

_ M2, _ 

History 

Yield 

Strength 

Ultimate 

Strength 

Klongation 

(%) 

L-2 

Shear  spin 

237.8 

271.3 

2 

L-4 

Shear  spun 

233.4 

207. 1 

2 

L-6 

Shear  spun 

248.2 

272.5 

2 

L-8 

Shear  spun 

233.9 

270.1 

2 

L-10 

Shear  spun 

243.4 

271.9 

2 

Average: 

239,3 

270.6 

2 

L-l 

Shear  spun  aged  ** 

264.5 

290.9 

0 

L-3 

Shear  spun  ajjrd  ** 

267.5 

294.6 

0 

L-6 

Shear  spun  aged  ++ 

285.0 

289.5 

0 

L-7 

Shear  spun  aged  ** 

262.2 

286.6 

0 

Average: 

269.8 

290.3 

0 

- -  ,  , 

*  Cold  shear  spun,  50%  reduction 

**  Aged  at  700*  for  10  hours. 
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FIGURE  21.  CENTER  SECTION  PREFORM  FORGING 


FIGURE  22.  FORGING  PROCESS  FLOW  DIAGRAM 
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PIGURE  24.  MICROSTRUCTURE  OF  ANNEALED  SCP/LASRM  PREFORM 
(SAME  AS  FIGURE  23  +  2200°F,  2  HOURS,  W.Q.) 
(ETCHANT:  SCHANTZ) 
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fabricated  for  thle  pert.  All  preforms  were  successfully  machined  to  the 
tolerances  of  the  drawing. 

The  machined  preforms  were  alkaline  cleaned  and  Individually  solution 
annealed  in  air  in  a  three  cone  electrically  heated  pit  furnace*  The  parts  were 
lowered  vertically  into  the  furnace;  the  flanged  (heavy)  end  rested  on  a  cruciform 
shaped  fixture  which  supported  the  part  in  four  places.  No  additional  flxturing 
was  utilized.  The  parameters  of  220CPF  for  2  hours  followed  by  a  water  quench 
(as  discussed  above)  were  used.  Temperature  control  of  a  15*  F  or  better  was 
achieved  for  each  part  The  water  quench  was  achieved  by  removal  of  the  pari 
and  fixture  with  a  crane  and  immediately  submerging  in  an  adjacent  quench  tank. 

No  significant  dimensional  change  resulted  from  this  operation.  The  parts  were 
then  grit  blasted,  rinsed  with  water,  and  shear  spun  as  described  in  Section  IV -2 -c. 
A  photograph  of  a  preform  ready  for  spinning  is  shown  in  Figure  26. 

b.  Centrlfugally  Cast  Preform 

As  an  added  scope  to  the  program,  a  decision  was  made  to  investigate 
the  feasibility  of  shear  spinning  a  centrlfugally  cast  preform  along  with  the 
five  SCP/LASRM  forgings.  The  advantage  of  this  approach  would  be  a  very 
significant  cost  savings  compared  to  the  die  forging. 

A  casting  was  purchased  from  Centrifugal  Products,  Inc. ,  Long 
Beach,  California,  in  rough  machined  form,  15-1/2  in.  O.D.  x  12  in.  long  x 
3/ 4  in.  wall.  A  photograph  erf  the  casting  is  shown  in  Figure  27.  Due  to 
the  tight  schedule,  it  was  necessary  to  procure  the  casting  on  a  best  efforts 
basis.  The  vendor 's  analyses  are  shown  in  Table  XD3  and  were  within  requested 
limits  except  for  silicon  which  was  only  slightly  high  (0. 30  vs.  0. 25  max. ).  As 
requested,  the  vendor  supplied  X-rays  of  the  casting  which  showed  no  internal 
defects,  although  unfortunately,  the  X-ray  a  were  not  of  optimum  quality. 
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A  section  of  the  as-received  casting  was  removed  for  hardness  and 
metallography.  The  casting  proved  to  be  very  soft  (237  BHN).  Tho  micro¬ 
structure,  Figure  28,  showed  the  typical  contrifugal  casting  columnar  grains 
extending  from  tho  outside  diameter  through  about  15%  of  the  wall.  The  higher 
magnification  photomicrograph , .  Figure  28,  showed  segregation  of  low  melting 
phases  in  the  grain  boundaries.  Homogenization  trentnu  ts  of  2175  and  2200*F 
for  two  hours  were  not  effective  in  significantly  reducing  this  condition  as 
shown  in  Figure  29.  As  a  result,  a  decision  was  made  to  shear  spin  the  casting 
without  a  homogenization  treatment,  particularly  since  the  hardness  was 
relatively  low. 

The  casting  was  machined  to  the  dimensions  of  the  cylindrical  portion 
of  the  preform  sketch.  Figure  25  .  An  available  knuckle  forging  of  the  same 
configuration  as  the  knuckle  portion  of  the  forged  preform  ,  Figure  25,  was  TIG 
welded  to  one  end  of  the  finished  machined  cylinder.  The  preform  was  alkaline 
cleaned  and  an  attempt  was  made  to  shear  spin  as  discussed  in  Section  rv  -2-c. 

c.  Shear  Spinning 

As  in  all  previous  operations,  the  five  parts  were  shear  spun  as  a 
production  lot  rather  than  individually,  since  the  primary  objective  was  to 
demonstrate  that  the  material  could  be  consistently  shear  spun  on  a  production 
basis,  if  proper  process  controls  were  exercised  on  every  operation  beginning 
with  melting.  The  basic  shear  spinning  parameters  and  tooling  requirements 
were  based  on  those  utilized  successfully  on  five  out  of  20  parts  during  the 
early  SCP/LASRM  program  as  discussed  in  Section  I.  Because  that  program 
had  experienced  difficulty  in  expanding-to-size  after  shear  spinning,  a  decision 
was  made  to  shear  spin  to  size  on  this  program  and  thus  eliminate  the 
expanding  operation.  Therefore,  the  preform  and  mandrel  were  made  slightly 
larger,  and  essentially  the  same  spinning  parameters  were  used. 

The  parts  were  shear  spun  on  a  two-roller  vertical  Hufford  Spin 
Forge  Machine.  This  machine  has  a  capacity  of  225,000  lbs.  on  each  roller. 
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561-2 


2175*F,  2  HRS.,  W.Q. 


2  SOX 


56J-3 


2200°F,  2  HRS.,  W.Q. 


250X 


FIGURE  29.  MICROSTRUCTURE  OF  CENTRIFUGAL  CASTING  AFTER  HEAT  TREATING. 

(ETCHANT:  SCHANTZ) 
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Sketches  of  the  roller  configuration  end  mandrel  are  shown  la  Figures  SO  and 
31  respectively.  The  angle  of  the  rollers  were  set  at  15*F  with  respect  to  the 
axis  of  the  mandrel  for  all  operations. 

The  basic  shear  form  process  utilized  is  outlined  in  flow  chart  form. 
Figure  32.  The  2185*  F  interstage  annealing  temperature  was  selected  based  on 
annealing  studies  performed  on  samples  cut  from  one  part  s*ter  the  shear  spinning 
first  pass.  Mloroscopic  examination  showed  that  2185*F  for  1  hour  followed  by  a 
water  quenoh  was  effective  in  eliminating  grain  boundary  precipitates  without 
excessive  grain  growth.  The  hardness  was  reduced  from  509  BHN  on  the  as- 
spun  sample  to  228  BHN  by  this  treatment.  The  interstage  annealing  treatments 
were  performed  in  the  same  furnace  and  by  the  same  process  described  in 
Section  IV-2-a.  No  significant  dimensional  change  resulted  from  any  of  the 
interstage  annealing  treatments. 

Details  of  the  shear  spinning  parameters  are  shown  in  Table  XIV. 

All  five  parts  were  processed  essentially  the  same  through  the  first  three 
passes.  The  fourth  pass  was  varied  for  improved  dimensional  control  as 
discussed  below.  All  five  parts  shear  spun  very  well  with  no  evidence  of  surface 
cracking  or  other  discontinuity  detectable  by  dye  penetrant  inspection  after 
each  pass.  An  example  of  a  shear  spun  part  is  shown  in  Figure  33.  The 
success  of  the  shear  spinning  operations  points  out  the  desirability  of  control¬ 
ling  the  microstructure  and  hardness  of  the  as-forged  preform  and  also  of  the 
part  during  multistage  shear  spinning.  The  fact  that  this  heat  of  material  did 
not  respond  typically  to  thermal  treatments  previously  established  for  other 
heats  indicates  that  process  specifications  should  include  provision  for  control¬ 
ling  microstructure  and  hardness  rather  than  specifying  definite  annealing 
times  and  temperatures. 

Spot  checks  of  the  dimensions  during  the  first  three  passes  revealed 
a  slight  tendency  for  ring  rolling,  i.  e. ,  the  part  continued  to  grow  away  from 
the  mandrel  a  small  amount  with  each  successive  pass.  After  toe  third  pass, 
the  lower  portion  of  each  part  was  0. 040  to  0. 060  in.  greater  in  diameter  than 
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SECTiOM 


FIGURE  30.  SHEAR  FORM  ROLLER 


•IA 


*  MB  TABLE  XIV  FOR  REDUCTIONS  AND  PARAMETERS 
BETWEEN  1ST  AND  2  HD  PASSES  2115 1  15*  F,  1  HR.,  WATER  QUENCH 

BETWeeN  2ND  AND  3  RD  PASSES  2185  1 15*  F,  1  HR.,  WATER  QUENCH 

BETWEEN  3RD  AND  4  TH  PASSES  2185 1  15*  F,  45  MIN.,  WATER  QUENCH 


FIGURE  32.  SHEAR  SPINNING  PROCESS  FLOW  DIAGRAM 
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tint  of  the  mandrel.  However,  prior  Marquardt  experience  had  indicated  teat 
the  fourth  pats  would  remedy  thia  situation,  using  the  parameters  listed  for 
parts  nos.  2  and  5,  Table  XTV,  i,e. ,  slower  rotational  speeds  and  faster  fe  ed 
rates.  Upon  inspection  of  these  parts  after  the  fourth  pass,  (Table  XV)  it  was 
evident  that  these  parameters  were  not  completely  effective  in  holding  the 
bottom  6  in.  portion  of  the  cylinder  within  dimensions  that  would  clean  up  to  the 
tolerances  of  the  drawing,  Figure  34.1  However,  an  important  factor  should  be 
noted  here.  A  ring  had  been  removed  from  each  of  these  parts  for  in-process 
evaluation;  otherwise  the  oversize  portion  (addition  length)  could  have  been 
cut  off  and  discarded  during  actual  machining  of  the  part,  in  practice,  the 
parts  would  have  been  useable,  since  the  mating  hardware  ocultl  have  been 
machined  to  fit. 

Further  efforts  were  made  to  correct  the  oversize  oondltloa  on 
parte  nos.  1,  3,  and  4  (hiring  the  fourth  paaa  using  the  following  variations, 
detailed  in  Table  XIV: 

(a)  increased  feed  rate 

0i)  even  roller  settings  (no  lend) 

(c)  reduced  rotational  speed 

(d)  smaller  roller  radii 

Although  these  variations  helped  the  situation,  to  varying  degrees  as  can  be  neon 
by  the  data  in  Tables  XIV  and  XV,  it  was  apparent  that  one  or  more  of  several 
obvious  approaches  should  be  considered  for  closer  dimensional  control  in 
making  this  part  in  the  hititre: 

(a)  Start  with  a  longer  preform  so  that  bell  shaped  oversize 
portion  can  be  discarded. 

(b)  Use  a  slightly  smaller  mandrel. 

(c)  Reduce  the  total  number  of  passes  to,  too  or  three  by  increasing 
redactions  ties  minimizing  ring  rolling  tendency,  and  also 
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TABLE  XV 


OF  SHEAR 


LkfiL. 


s  • 

A 

B 

C 

D 

Length 

da) 

Wall 

O.D. 

Wall 

O.D. 

Wall 

O.D. 

Wan 

O.D„ 

Pan  No. 

(in) 

(in) 

(in) 

(in) 

(in) 

(in) 

(in) 

(in) 

1 

0.126 

15.042 

0.132 

15.059 

0.133 

15.068 

0.133 

14.089 

33-1/4 

2 

0.125 

14.991 

0.127 

15.016 

0.126 

15.040 

0.126 

15.066 

32+ 

3 

0.131 

15.027 

0.131 

15.097 

0.132 

15.148 

0.124 

15. 168 

29-1/8* 

4 

0.132 

15.018 

0.130 

15.032 

0.131 

15.043 

0.130 

15.065 

S3 

5 

3.133 

14.977 

0.128 

15.026 

0.128 

15.048 

0.133 

15.070 

29-7/8* 

(d)  Use  relatively  slow  rotational  speeds  and  high  feed  rates. 

The  centrifugally  oust  preform  was  given  an  initial  reduction,  using 
the  same  parameters  as  for  Part  No.  5,  detailed  in  Table  XIV.  The  wall  thick¬ 
ness  was  reduced  from  0. 460  to  0. 330  in. ,  which  resulted  in  approximately  a  28% 
reduction.  The  results  were  gross  cracking  as  shown  in  Figure  35. 

Metallographic  examination  of  cross  sections  taken  through  cracked  areas,  (Figure36) 
confirmed  that  the  cracks  resulted  from  grain  boundary  separation  as  suspected. 

Subsequent  discussion  with  the  vendor  indicated  they  believe  it  is 
possible  to  improve  the  structure  of  centrifugal  castings  and  minimize  the 
grain  boundary  low  melting  phase  by  using  improved  equipment.  Whether  an 
improved  microstructure  would  be  adequate  is  unknown,  since  shear  spinning  is 
a  very  severe  working  operation  and  cannot  tolerate  any  appreciable  grain 
boundary  weakness  or  discontinuity.  No  further  effort  was  expended  on  the 
centrifugally  cast  part. 

d.  Evaluation  of  SCP/LASRM  Parts 

After  the  dimensional  inspection  described  in  the  preceding  section 
was  completed,  one  of  the  parts  (No.  2)  was  sectioned,  and  ten  tensile  specimens 
were  removed  from  the  mid  portion  of  the  chamber  —  five  from  the  longitudinal 
and  five  from  the  circumferential  direction.  Half  of  the  specimens  were  given 
Ihe  700“F,  10-hour  aging  treatment  discussed  in  Sections  HI-4  and  IV- 1.  The 
results,  listed  in  Table  XVI  showed  that  the  transverse  strengths  were 
significantly  higher  than  the  longitudinal  strengths ,  and  that  the  transverse 
ductilities  were  correspondingly  lower.  The  hoop  stress  design  requirements 
of  the  part  require  175  KSI  room  temperature  yield  strength,  which  was  not 
met  by  the  as  spun  parts.  The  aging  treatment  was  very  effective  in  raising 
the  transverse  properties  to  this  level  with  a  minimum  effect  on  ductility. 

Based  on  this  information,  a  decision  was  made  to  age  the  remaining  cases 
prior  to  pressure  proof  testing. 
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TABLE  XVI 

BOOM  TEMPERATURE  TENSILE  PROPERTIES  OF  SHEAR  SPUN  8CP/I  ASRM 
COMBUSTION  CHAMBEP  CENTER  SECTION 
(2C%  Cold  Worked) 


Specimen 

No. 

History 

Orientation 

§■ 

Elongation 
(%  in/in) 

827N 

As -spun 

Circumferential 

163.4 

210.3 

7 

828N 

As -spun 

Circumferential 

145.2 

213.2 

8 

829N 

As -spun 

Circumferential 

156.5 

212.2 

7 

852N 

Spun  70<f  F-10  hr.  age 

Circumferential 

187.0 

230.8 

6.5 

853N 

Spun  +  700*F-10Hr.  age 

Circumferential 

191.3 

224.9 

6 

830N 

As -spun 

Longitudinal 

153.1 

206.2 

16 

831N 

As -spun 

Longitudinal 

156.0 

206.5 

14 

854N 

Spun  +  700* F-10  hr.  age 

Longitudinal 

174.8 

207.7 

13 

855N 

Spun  +  70CTF-10  hr.  age 

Longitudinal 

171.7 

209.6 

10 

856N 

Spun  +  700*F-10  hr.  age 

Longitudinal 

175.6 

208.2 

10 
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The  remaining  four  parts  (Nos.  1,  3,  4  and  5)  were  ultrasonically 
inspected  at  Ultrasonic  Associates,  South  Gate  California,  at  a  sensitivity  suf¬ 
ficient  to  detect  any  indication  equal  to  or  greater  than  a  3/64  in.  diameter  flat 
bottomed  hole,  per  the  specification  requirements  (Section  IV -3).  All  four 
parts  were  103%  tree  of  any  indications. 

Four  of  the  five  shear  spun  cylinders  were  subjected  to  a  proof 
pressure  test  equivalent  to  that  specified  for  the  SCP/LASRM  combustion 
chamber.  The  SCP/LASRM  hardware  is  pressure  tested  in  the  final  configuration 
i.e.  after  welding  the  forward  dome  and  expansion  nozzle  to  the  center  section. 
For  this  program,  only  the  center  section  was  tested  in  the  as-spun  (not 
machined)  condition.  The  test  pressure  was  increased  from  1375  psi  (used  for 
machined  cases  with  a  0.070  -  0.080  in.  wall)  to  2300  psi  to  compensate  for 
the  thicker  wall  (0.125  inch)  of  the  as  shear  spun  cylinders.  The  specified 
20  second  hold  time  remained  unchanged. 

The  tests  were  performed  by  Hydro-Test  Corporation  of  Long  Beach, 
California.  The  test  fixture,  supplied  by  Hydro- Test  consisted  of  two  blind 
flanges  with  a  fill  and  vent  system  and  eight  threaded  rods  to  seal  the  flanges 
against  the  cylinder  as  shown  in  Figure  37.  The  flange  in  contact  with  the  flared 
end  of  the  cylinder  was  sealed  with  a  soft  copper  gasket  and  the  other  flange 
was  sealed  against  the  flat  portion  (knuckle)  of  the  machined  preform  with  an 
**0"  ring.  Approximately  .  2400  ft  lbs.  torque  was  required  to  seal  the  flanges. 

In  order  to  avoid  excessive  loading  and  possible  buckling  of  the  non-supported 
cylinder  in  the  test  fixture ,  a  hydraulic  cylinder  pressing  on  the  forward  flange 
was  pressurized  to  1000  psi  after  the  cylinder  was  filled  with  water  and  leak 
checked  at  an  internal  pressure  of  500  psi.  The  external  load  provided  the  addi¬ 
tional  force  to  maintain  the  seals  at  the  final  test  pressure.  The  external  pressure 
also  compensated  for  the  tensile  stress  applied  to  the  bolts  and  reduced  die 
possible  loss  of  internal  pressure  because  of  elongation  of  the  bolts.  The 
internal  pressure  was  increased  to  the  required  2300  psi  proof  pressure  and 


SCHEMATIC  DIA6RAM  OF  TEST  SET-UP 


FIGURE  37.  PRESSURE  TEST  SET-UP 
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held  for  20  seconds.  All  four  cases  passed  the  test  with  no  significant  yielding 
as  verified  by  a  spot  check  of  dimensions  before  and  after  testing. 

3.  SPECIFICATION  FOR  SHEAR  SPINNING 

Based  on  the  information  generated  in  shear  spinning  the  five  test  cylinders 
and  the  five  SCP/LASRM  combustion  chamber  center  sections  during  fills  program, 
and  based  on  previous  Marquardt  experience,  a  process  specification  for  shear 
spinning  L-605  was  prepared.  This  specification  is  of  a  general  nature  rather 
than  for  a  specific  part,  and  serves  as  a  basic  document  for  quality  control  of 
critical  variables  in  L-605  shear  spinning  processes.  Appendices  can  be  added 
for  specific  parts,  such  as  the  8CP-LASRM  combustion  chamber  center  section. 
Such  an  appendix  for  this  part  will  not  be  written  at  this  time  since  further  effort 
to  refine  the  shear  spinning  parameters  for  dimensional  control  is  necessary  as 
discussed  in  Section  IV -2 -c. 

TITLE:  8 HEAR  8 PINNING  OF  COBALT 
BASE  ALLOY  (L-605) 

1.  Scope 

This  specification  establishes  the  quality  control  requirements  for  the 
cold  shear  spinning  of  L-605  hardware  from  forged  preforms. 

2.  Applicable  Specifications 

2. 1  MIL -I -68 66  -  Inspection,  Penetrant  Method 

2. 2  AMS  2630  -  Ultrasonic  Inspection 

2. 3  ASM  E-112  -  Methods  for  Estimating  Average  Grain  Size 
of  Metals 

2.4  Marquardt  Specification  -  "Cobalt  Alloy  (L-605)  Forging 
8took  and  Forgings  of  Shear  Spinning  Quality**  * 

3.  Technical  Requirements 

3.  l  Material  -  The  preform  forgings  shall  conform  to  the 
requirements  of  Seotion  2. 4, 

♦  Included  in  Section  IQ  -  6  of  this  report. 
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8.3  Machinlnft 

3.2.1  ftuftoe  finish  -  The  preforms  shall  be  to 

produce  a  surface  finish  of  125  rma  or  better. 

3.2.2  Dye  Penetrant  Inspection  -  Machined  preforms  shall  be 
dye  penetrant  inspected  in  accordance  with  Section  4.  L, 

3.2.3  Hardness  -  The  machined  preforms  shall  be  checked 
for  hardness  to  determine  effect  of  machining  on  surface  hardness,  if 
die  surface  hardness  exceeds  Rockwell  C  26,  preforms  shall  be  aamwaijad 
in  accordance  with  Section  3. 4. 1  prior  to  shear  forming. 

3.3  Shear  Forming 

3.3.1  Parameters  -  The  parameters  for  shear  forming  shall 

be  established  for  each  particular  part.  The  established  parameters 
shall  be  maintained  in  order  to  reproduce  acceptable  hardware  of 
consistent  quality. 

3.3.1  Interstage  feepeetion 

3. 2  i  Dimensional  first  article  shall  be  dimensionally 
inspected  for  oont  nuance  to  orswing  requirements  and  verification  of 
per  dent  reduction.  Additional  measurements  shall  be  taken  during  a 
production  run  to  assure  quality  control. 

3. 3.  l.  3  Penetrant  -  All  part!  slatfl  be  penetrant  inspected  in 
accordance  with  Senior.  4. 1  after  each  -hear  forming  operation. 

3. 3. 3  ".ierstui.--  •’  *  eal  -  Parts  shall  be  annealed  in 

•ooordanoe  with  -  ;  3. 4. 1  after  each  intermediate  shear  forming 

operation. 

3.3.3  Post  Shear  Spinning  Inspection 

*.3.3. 1  Dimensional  -  All  parts  shall  be  subjected  to  100% 
dir  os  local  inspection  for  mformaoce  to  the  requirements  of  the 
eng.  earing  drarn-jg. 

3.  *  tr.  2  Penetrant  -  All  parts  shall  be  penetrant  inspected  in 
aoeorr  moe  witn  Section  4. 1. 
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3. 4.1.1  When  required,  the  parts  shall  be  subjected  to  as 
annealing  cycle  that  will  assure: 

(a)  An  ASTM  grain  sire  of  3  or  finer  with  an  occasional  2 
permissible, 

(b)  maximum  hardness  at  Bodarell  C  26, 

(c)  a  microstructure  substantially  free  erf  grain  boundary 
carbides. 

3.4. 1.2  Ftorts  shall  be  cleaned  by  vapor  degreasing  or  eqatva- 
lent  prior  to  annealing. 

3.4. 1.3  Annealing  shall  be  performed  in  an  air  ttompfaBre 
furnace  oontrolled  to  an  accuracy  at  ilTF  at  the  required  temperature 
necessary  to  meet  the  requirements  of  Section  3. 4. 1.1. 

3.4. 1.4  Parts  shall  be  water  quenched  from  he  rawltng 
temperature  *»ni  grit  blasted  to  remove  any  heat  trust  scale. 

3.4.2  Aging 

3.4.2. 1  When  required,  the  parts  shall  be  snlrfectod  to  an 
aging  cycle  soch  that  the  finished  parts  will  meet  the  requirements  of 
the  engineering  drawing. 

5.4.2.2  Parts  ahull  be  cleaned  by  vapor  degreasing  or 
equivalent  prior  to  aging. 

S.4.2.2  Aging  shall  be  performed  in  an  air  atmosphere  furnace 
oontrolled  to  an  accuracy  of  ±  2S*F. 

3.  4.2.4  Parts  shall  be  sir  cooled  from  dm  aging  temperature. 


4.1.1 


All  parts  shall  be  subjected  to  100%  penetrant 
inspection  in  accordance  with  MIL -1-6866  as  required  by  Sections 
3.  S.  1. 2  and  8. 3. 3. 2. 

4. 1.2  Indications  considered  detrim  &  o  subsequent 

shear  forming  sbaQ  be  cause  far  rejection  at  interstice  inspection. 
Acceptance  creteria  on  finished  parts  shall  be  as  specified  on  the 
sighMring  drawing. 

4.2  Ultrasonic  Inspection 

4.2.1  Ultrasonic  inspection  requirements  and  acceptance 
criterion  shall  be  specified  on  Die  engineering  drawing. 

4.2.2  Ultrasonic  inspection  If  required  shall  be  performed 
in  accordance  with  AMS  36SG. 

4.2  Proof  Pressure  Testing 

Proof  Pressure  testing  requirements  and  acceptance 
criterion  shall  be  specified  on  the  engineering  drawing. 

4.4  Destructive  Testing 

Tests  to  determine  mechanical  properties  and 
general  quality  shall  be  performed  as  required  by  the  engineering  drawing. 


SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS 

L.  Shear  spinning  of  L-605  forgings,  (including  SCP/LASRM  chambers)  can 
be  successfully  accomplished  on  a  production  basis  if  adequate  quality 
control  procedures  are  followed.  Control  of  the  microstructure  and 
hardness  is  particularly  important  for  Bbear  spinning  processes.  The 
two  specifications  included  in  this  report  summarize  the  '^commenda¬ 
tions  resulting  from  this  program,  i.  e. 

(1)  "Cobalt  Alloy  (L-605)  Forging  Stock  and  Forgings 
of  Shear  Spinning  Quality" 

(2)  "Shear  Spinning  of  Cobalt  Base  Alloy  (L-605)" 

2.  The  variations  in  iron,  silicon,  and  manganese  contents  of  L-605  investi¬ 
gated  in  this  program  revealed  no  clearly  defined  effects  .of  iron  or  man¬ 
ganese,  but  b hawed  that  silicon  should  be  held  to  a  maximum  erf  0.25  w/o 
for  optimum  hot  and  cold  fabricability.  Lowering  the  silicon  to  a  very 
low  level  (  —  0. 04%)  revealed  no  added  beneficial  effects. 

3.  Limited  data  indicated  that  vacuum  induction  plus  vacuum  arc  remelted 
material  is  slightly  more  fabricable  than  air  melted  plus  vacuum  arc 
remelted  material.  Further  work  is  necessary  to  substantiate  this. 

4.  The  forging  temperature  for  L-605  shear  spinning  preforms  should  be 
high  enough  to  minimize  grain  boundary  carbides  and  low  enough  for 
grain  size  control.  The  optimum  temperature  appears  to  be  approxi¬ 
mately  2150°F. 

5.  The  optimum  annealing  time  ami  temperature  for  L-605  varies  from  heat 
to  heat  of  the  sazr  e  composition  and  with  prior  fabrication  history.  The 
annealing  parameters  for  shear  spinning  applications  should  be  selected 
to  minimize  hardness,  grain  growth,  and  grain  boundary  precipitates. 


113 


6.  The  room  temperature  strength  properties  of  20%  cold  >rked  L-608  osn  he 
increased  significantly  with  a  minimum  decrease  In  ductility  and  and  notch 
sensitivity  by  an  aging  treatment  of  700*  F  for  10  hours. 

7.  a  hear  spinning  a  oentrlfUgally  oast  L-608  preform  does  not  appear  feasible, 

based  on  the  single  attempt  made  in  thii  program. 
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APPENDIX  I 


APPROXIMATE  HARDNESS  CONVERSION  NUMBERS 


PROM  MGJKWELL  C  TO  BRINELL 


Rockwall 

C  Scale 

Hardneae 

Number 

Brtnell  Hardneae 
Number 

10  -  mm  ball 

3000  kg  toad 
atandard  ball 

Rookwtll 

C  Scale 

Hardneae 

Number 

Rrtnell  Hardneae 
Number 

10  -  min  ball 

3000  kg  load 
atandard  ball 

M 

e* 

37 

344 

84 

- 

38 

336 

88 

w 

38 

327 

88 

800 

34 

318 

81 

487 

33 

311 

80 

475 

38 

301 

48 

404 

31 

284 

48 

481 

30 

286 

47 

448 

88 

878 

46 

438 

28 

271 

48 

481 

87 

264 

44 

408 

26 

258 

43 

400 

88 

853 

48 

380 

84 

847 

41 

381 

83 

243 

40 

371 

88 

237 

38 

388 

21 

231 

36 

383 

80 

226 

Rtf;  0.  L.  Kthl,  Prlnoipltt  of  Metaitographio  Laboratory  Practice, 
Metallurgy  and  Metallurgy  Engineering  Serlee,  Third  Edition 
p.  470,  MoOraw-Hlll  Book  Co. ,  Inc, 
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